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Chronic Kidney Disease Progression and Cardiovascular Outcomes

Following Cardiac Catheterization—A Population-Controlled Study

Jeremiah R. Brown, PhD, MS; Richard J. Solomon, MD; R. Brooks Robey, MD; Meg E. Plomondon, MSPH, PhD; Thomas M. Maddox, MD,
MSc; Emily J. Marshall, MPH; Elizabeth L. Nichols, MS; Michael E. Matheny, MD, MS, MPH; Thomas T. Tsai, MD, MSc; John S. Rumsfeld,
MD, PhD; Richard E. Lee, MA, MPH; Mark J. Sarnak, MD, MS

Background—Studies of kidney disease associated with cardiac catheterization typically rely on billing records rather than
laboratory data. We examined the associations between percutaneous coronary interventions, acute kidney injury, and chronic
kidney disease progression using comprehensive Veterans Affairs clinical and laboratory databases.

Methods and Results—Patients undergoing percutaneous coronary interventions between 2005 and 2010 (N=24 405) were
identified in the Veterans Affairs Clinical Assessment, Reporting, and Tracking registry and examined for associated acute kidney
injury and chronic kidney disease development or progression relative to 24 405 matched population controls. Secondary
outcomes analyzed included dialysis, acute myocardial infarction, and mortality. The incidence of chronic kidney disease
progression following percutaneous coronary interventions complicated by acute kidney injury, following uncomplicated coronary
interventions, and in matched controls were 28.66, 11.15, and 6.81 per 100 person-years, respectively. Percutaneous coronary
intervention also increased the likelihood of chronic kidney disease progression in both the presence and absence of acute injury
relative to controls in adjusted analyses (hazard ratio [HR], 5.02 [95% Cl, 4.68-5.39]; and HR, 1.76 [95% CI, 1.70—1.86]). Among
patients with estimated glomerular filtration rate <60 mL/min per 1.73 m?, acute kidney injury increased the likelihood of disease
progression by 8-fold. Similar results were observed for all secondary outcomes.

Conclusions—Acute kidney injury following percutaneous coronary intervention was associated with increased chronic kidney
disease development and progression and mortality. (/ Am Heart Assoc. 2016;5:e003812 doi: 10.1161/JAHA.116.003812)
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he relationships between cardiovascular procedure out-

comes, including acute kidney injury (AKI), chronic
kidney disease (CKD) development and progression,’ > and
mortality®® are incompletely delineated.””'?> We sought to
improve the methodological capture of periprocedural renal
outcomes using integrated Veterans Affairs (VA) databases
and objective laboratory information to both confirm and
extend prior observations of CKD development and progres-
sion among percutaneous coronary intervention (PCl) patients
and matched population controls. Recognizing that not all

exposure, we also propose minor nosological reform to
include common language describing AKI following cardiac
catheterization and PCl as cardiac catheterization—associated
AKI (CCA-AKI), representing a broad category of AKI that
includes contrast-induced nephropathy, as well as AKI
attributable to atheroembolization, hypotension, and other
causes associated with these procedures.

The National Quality Forum has made CCA-AKI prevention
a major patient safety objective, albeit with limited success. '
Our understanding of the long-term patient safety conse-

catheterization-associated ~ AKI  results from contrast quences of PCl and CCA-AKI is incomplete, in part, because of
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reliance on administrative data to establish renal outcomes,
inconsistent use of rigorous clinical definitions of CKD
progression, and a general lack of proper controls.®'*'®
However, other studies have used serum creatinine to define
baseline estimated glomerular filtration rate (eGFR) and CCA-
AKL'®" ™ Prior studies have examined the relationship
between AKI, CKD, and death in VA populations; however,
none have incorporated rigorous laboratory definitions of CKD
progression or incorporated the use of matched population
controls. '%2°

Given the low sensitivity of administrative capture of CKD
progression using International Classification of Diseases, 9th
Revision (ICD-9) codes,”' we sought to add to advance the
field of AKI and CKD progression by evaluating renal
outcomes following PCl using laboratory data and rigorous
clinical definitions of CKD development and progression in a
large national cohort of consecutive PCI patients and matched
population controls using integrated VA databases containing
longitudinal clinical and laboratory data.?? The addition of
disease-matched controls who did not undergo cardiac
catheterization provides a reference group for comparison
with cohorts characterized by both PCI complicated by CCA-
AKI and uncomplicated PCI (ie, without CCA-AKI develop-
ment). We hypothesized that CCA-AKI would be associated
with CKD development and progression, increased dialysis-
dependent renal failure, acute myocardial infarction (AMI), and
increased all-cause mortality relative to PCI patients without
associated AKI, as well as population controls.

Methods
Cohort

All consecutive patients undergoing PCI between 2005 and
2010 in the VA Health Care System were reported to the VA
Clinical Assessment, Reporting, and Tracking System for
Cardiac Catheterization Laboratories (CART-CL) program
(N=35 627) with follow-up through 2011. Only the first PCI
procedure was included in the analysis, resulting in 35 410
index procedures. Covariates were defined at presentation for
PCI. Patients receiving dialysis or with a history of renal
replacement therapy or a prior hospitalization for renal failure
(578) were excluded. Patients with missing serum creatinine
data were also excluded (10 427), leaving a final PCI cohort of
24 405 patients (Figure 1). VA and Dartmouth institutional
review boards approved the study and waived all patient
consent requirements.

PCl data were linked to the Corporate Data Warehouse
(CDW) to determine preexisting renal disease and dialysis
treatment, as well as postdischarge clinical end points
(dialysis-dependent renal failure, hospitalization with a prin-
cipal diagnosis of renal failure, and AMI). The Austin
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Intervention Cohort controls
(N=35,627) (N=1,000,000)

!
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Figure 1. Study diagram. Generation of the percutaneous coro-
nary intervention (PCI) and control cohorts. VA indicates Veterans
Affairs.

Information Technology Center database was also linked to
provide corresponding serum creatinine laboratory results
from the period extending from 1 year prior to the procedure
through the end of the study period. The vital status record
was similarly linked to determine associated all-cause
mortality.

Population controls were abstracted from the CDW using
the methods reported for the PCI cohort above. One million
controls were randomly selected from CDW from 2005
through 2011. Covariates were defined at the start of the
cohort period. A 4:1 matched control group consisting of VA
patients not exposed to cardiac catheterization were matched
to the PCI cohort using age category, diabetes mellitus,
congestive heart failure, hypertension, and CKD stage. Control
patients were excluded if they received a renal transplant
(401), underwent dialysis (365), or were hospitalized for renal
failure (36) prior to the study period, leaving 96 660 matched
controls. Since not all matched covariates were balanced, we
conducted a second round of matching using Coarsened
Exact Matching using a 1:1 ratio resulting in perfect matches
for age category, diabetes mellitus, congestive heart failure,
hypertension, and CKD stage, leaving 24 405 matched
controls. The date of the renal function measure in the
population control patient was not matched to the PCI
patient’s procedure date.

CCA-Acute Kidney Injury

CCA-AKI was defined as an absolute >0.5 mg/dL or relative
>25% increase from the last serum creatinine prior to PCI to
the highest serum creatinine or new onset of dialysis up to
7 days post-PCl. Due to the latency period of serum
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creatinine elevation of 3 to 5 days post-insult, the window for
ascertainment of CCA-AKI was extended to 7 days.?*%¢ This
definition was requested by CART-CL at the time of the data
use agreement. Results were repeated using the Kidney
Disease Outcomes Quality Initiative (KDOQI) definitions for
AKI staging.

Kidney Outcomes

CKD progression was defined as incremental progression to a
higher National Kidney Foundation KDOQI CKD stage (in mL/
min per 1.73 m?: eGFR >60; stage 3: 30-59; stage 4: 15-29;
stage 5: <15)?? as determined by 2 independent eGFR
measures at least 90 days apart, or by progression to dialysis
initiation or hospitalization for renal failure.?> However,
albumin creatinine ratio (ACR) was not used as it was not
routinely available in patients during the study period. Since
we could not measure ACR we could not define CKD stages 1
to 2 and we could not further stratify CKD stages 3 to 5 by
ACR criteria.?” The second eGFR date was uniformly
employed as the event date for CKD progression. Progression
of CKD in the first 90 days following PCI could only be defined
by dialysis or hospitalization for renal failure. For example,
patients with a baseline eGFR >60 mL/min per 1.73 m?
progressing with 2 independent eGFR measures at least 90
days apart <60 mL/min per 1.73 m? or dialysis or hospital-
ization for renal failure would qualify for CKD progression, or
patients with a baseline eGFR 30 to 59 mL/min per 1.73 m?
progressing to 2 independent eGFR measures <30 mL/min
per 1.73 m? or dialysis or hospitalization for renal failure
would qualify for CKD progression, and so on.

Incident (or new) CKD was defined as progression from
normal kidney function (€GFR >60 mL/min per 1.73 m?) to
stage 3 or greater (eGFR <60 mL/min per 1.73 m?), or
dialysis initiation or hospitalization for renal failure. For
example, patients with a baseline eGFR >60 mL/min per
1.73 m? progressing with 2 independent eGFR measures at
least 90 days apart to <60 mL/min per 1.73 m? or dialysis or
hospitalization for renal failure would qualify for incident CKD
progression.

Disease progression in patients with prevalent CKD was
defined as an incremental increase from CKD stage 3 or 4 to a
higher CKD stage. For example, patients with a baseline
eGFR 30 to 59 mL/min per 1.73 m? progressing to 2
independent eGFR measures <30 mL/min per 1.73 m? or
dialysis or hospitalization for renal failure would qualify for
CKD progression, and patients with a baseline eGFR 15 to
29 mL/min per 1.73 m? progressing to 2 independent eGFR
measures <15 mL/min per 1.73 m? or dialysis or hospital-
ization for renal failure would qualify for CKD progression.

Dialysis initiation was defined by documented receipt of
either inpatient or outpatient renal replacement therapy.

We repeated our measure of CKD progression by conducting
sensitivity analyses by defining progression only using eGFR
laboratory values and thereby not allowing dialysis or hospital-
ization for renal failure to qualify CKD progression alone.

Cardiovascular Events and Mortality

Time to dialysis was defined from the date of PCl to the date
of the first use of any dialysis. AMI was defined by
hospitalization discharge diagnoses. Time to death was
defined from the date of PCI to the date of death recorded
in the vital status record. Censoring was determined through
2011 for PCI patients and controls.

Covariates

All covariates were recorded from the CART-CL registry for
PCI patients and from /CD-9 codes from population controls.
Tables 1 and 2 list the covariates captured for both PCI
patients and population controls. Table 2 lists the perioper-
ative procedural covariates collected on PCI patients alone.

Statistical Analysis

Standard statistical methods were used to compare baseline
univariate associations across all 3 groups (PCl complicated by
CCA-AKI, uncomplicated PCI, and controls) using chi-square
tests and ANOVA. We conducted Kaplan—Meier time-to-event
analysis with a log-rank test and Cox’s proportional hazards
modeling for any CKD progression, incident CKD development,
progression in patients with prevalent CKD, dialysis initiation,
AMI, and all-cause mortality. To examine the association
between CCA-AKl-complicated and —uncomplicated PCI and
major outcomes relative to controls, indicator variables for
uncomplicated PCl and CCA-AKI with the population control
group as the referent category were included in the regression
models including the listed covariates for adjustment. To
account for potential confounding, all variables from Table 1
were evaluated as risk factors for adjusting the relationships
between controls, uncomplicated PCI, and PCl with CCA-AKI
development, with CKD progression and other clinical end
points. Covariates for adjustment were identified through the
development of forward and backward stepwise logistic
regression models for CCA-AKI. These covariates were then
used in all multivariate Cox’s proportional hazard models used
to estimate hazard ratios (HR) after adjusting for age, race,
current smoker, diabetes mellitus, congestive heart failure,
dyslipidemia on presentation, cerebrovascular disease, post-
traumatic stress disorder, depression, cerebrovascular dis-
ease, history of stroke, chronic obstructive pulmonary disease,
prior myocardial infarction, and baseline eGFR (mL/min per
1.73 m?). For comparison between PCl patients alone
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Table 1. Baseline Patient and Disease Characteristics

Variables Control PCI P Value*
No. of patients (N=48 810) 24 405 24 405
Age, y
<50 4.41 4.41 1.000
50 to 59 25.51 25.51
60 to 69 42.35 42.35
70t0 79 19.21 19.21
80+ 8.52 8.52
Female 3.44 1.66 <0.001
White 32.99 80.96 <0.001
Black 8.70 12.40
American Indian 0.12 1.02
Asian 0.22 0.42
Unknown 57.97 5.20
Current smoker 16.65 19.15 <0.001
Comorbidities
Diabetes mellitus 28.96 28.96 1.000
Congestive heart 17.95 17.95 1.000
failure
Hypertension 79.83 79.83 1.000
Posttraumatic 7.33 11.42 <0.001
stress disorder
Depression 15.28 23.54 <0.001
Sleep apnea 5.54 5.27 0.186
Dyslipidemia 59.17 77.91 <0.001
Cerebral vascular 5.46 14.74 <0.001
disease
Chronic obstructive 14.58 13.63 0.002
pulmonary disease
Deep vein thrombosis 1.97 1.31 <0.001
Myocardial infarction 3.66 25.79 <0.001
Stroke or transient 3.22 6.25 <0.001
ischemic accident
Baseline renal function
CKD stage
eGFR >60 mL/min 75.93 75.93 1.000
per 1.73 m?
eGFR 30 to 59 mL/min 21.79 21.79
per 1.73 m?
eGFR 15 to 29 mL/min 1.36 1.36
per 1.73 m?
eGFR <15 mL/min 0.92 0.92
per 1.73 m?
eGFR mL/min 71.21 75.39 <0.001
per 1.73 m?, median
Continued

Table 1. Continued

Variables Control | PCI | P Value*
Prior procedures
Stress test 477 50.20 <0.001
Coronary artery 4.74 22.57 <0.001
bypass graft surgery
Valve surgery 0.98 0.98 0.927
Cardiac catheterization 0.00 447 <0.001
Percutaneous coronary 0.00 23.24 <0.001
intervention

Data are presented as percentages unless otherwise indicated. CKD indicates chronic
kidney disease; eGFR, estimated glomerular filtration rate.

*P value, compares population controls to all percutaneous coronary intervention (PCl)
patients.

(uncomplicated PCl and PCI with CCA-AKI) all risk factors in
Table 2 were evaluated as risk factors for adjusting the PCl only
analyses including adjusting for age, race, current smoker,
diabetes mellitus, congestive heart failure, dyslipidemia on
presentation, cerebrovascular disease, posttraumatic stress
disorder, depression, cerebrovascular disease, history of
stroke, chronic obstructive pulmonary disease, prior myocar-
dial infarction, and baseline eGFR (mL/min per 1.73 mz), New
York Heart Association class, indication of PCl procedure,
status of PCI procedure (elective, urgent, emergent, salvage),
and total number of diseased lesions. An alpha error of 0.05
was used to determine statistical significance. We repeated the
CKD progression analysis using the Kidney Disease: Improving
Global Outcomes (KDIGO) AKI staging criteria. Stata 11
(StataCorp, College Station, TX) statistical software was used
for all analyses.

Results

Cohorts

A total of 48 810 patients (24 405 PCl and 24 405 matched
controls) were evaluated (Figure 1). Controls were well
matched to PCI patients for age, diabetes mellitus, hyperten-
sion, heart failure, and baseline CKD stage. Controls were less
likely to have other chronic comorbidities and differed by
several comorbidities not included in the a priori matching
algorithm (Table 1).

CCA-Acute Kidney Injury

PCI patients were stratified by those developing CCA-AKI
and those with uncomplicated PCl. Notably, CCA-AKI
developed in 13% of the PCI cohort (N=2763). Consistent
with other reports, PCI patients developing CCA-AKI were
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Table 2. PCI Procedural Characteristics and Complications

Uncomplicated PCI With
Variables PCI CCA-AKI P Value*

Indications for PCI procedure

STEMI 7.01 11.84 <0.001

Restenosis 1.29 0.91

Preoperative 0.97 0.65
revascularization

Asymptomatic ischemia | 1.42 0.91

Stable angina 22.99 12.06

Unstable angina 19.79 18.85

NSTEMI 14.55 23.57

Cardiogenic shock 0.18 1.31

Other 6.86 6.43

Missing 24.94 23.47

Status of PCl procedure

Elective 58.62 38.45 <0.001

Urgent 31.72 42.08

Emergent 9.51 19.12

Salvage 0.15 0.36

Procedure

Days from cardiac 4137 (374.5) | 380.7 (400.5) | 0.054
catheterization

Prior cardiac 45.21 41.85 <0.001
catheterization

Inpatient cardiac 58.56 38.54 <0.001
catheterization

Inpatient PCI 55.55 75.99 <0.001

Cath/PCl same visit 78.20 77.04 <0.001

Native lesion 1.23 (0.82) 1.24 (0.89) 0.368

Graft lesion 0.10 (0.37) 0.13 (0.42) 0.0001

Total lesion length 2.5 (1.6) 2.6 (1.8) 0.021
(total lesion length,
add together

all lesions)
Lesion count 1.33 (0.76) 1.38 (0.82) 0.004
(total number
of lesions
intervened upon)
Lesion length, 16.41 (9.72) 16.73 (9.38) 0.107
mm (median)
Previously treated 0.08 (0.31) 0.07 (0.29) 0.045
lesion
In-stent restenosis 0.06 (0.27) 0.05 (0.23) 0.001
Chronic total occlusion 0.06 (0.25) 0.05 (0.24) 0.079
Thrombus 0.08 (0.29) 0.13 (0.38) <0.001

Acute closure 0.005 (0.076) | 0.008 (0.091) | 0.028

The Table reports procedural complications among the percutaneous coronary
intervention (PCI) cohort alone (not for population controls). Data are presented as
percentage or mean (SD). CCA-AKI indicates cardiac catheterization—associated acute
kidney injury; NSTEMI, non—ST-segment elevation myocardial infarction; STEMI, ST-
segment elevation myocardial infarction.

*P value, compares no CCA-AKI to CCA-AKI patients.

more likely to have urgent or emergent indications for
intervention, exhibited greater temporal proximity to the
diagnostic cardiac catheterization, and had angiographic
evidence of more severe coronary disease, including the
total number and length of disease lesions (Table 2). The
median length of follow-up for CCA-AKI patients, uncompli-
cated PCI, and controls was 1.69 (person-years), 1.86, and
6.0, respectively.

CKD Development or Progression

Overall incidence rates of CKD development or progression
for CCA-AKI, uncomplicated PCI (ie, without CCA-AKI devel-
opment), and matched controls were 28.66 (per 100 person-
years), 11.15, and 6.81, respectively (Figure 2, Table 3). PCI
patients—both with and without CCA-AKl—exhibited a 3- to
8-fold higher likelihood of CKD progression over 5 years in
adjusted analyses (HRccaax, 5.02; 95% Cl, 4.68-5.39
[P<0.001]; HRpg, 1.76; 95% Cl, 1.70-1.86 [P<0.001];
Table 3). CCA-AKI increased CKD progression risk by ~2- to
3-fold in PCl patients over 5 years in adjusted analyses
(HRccanak 2.51; 95% Cl, 2.34-2.69 [P<0.001]). CCA-AKI
similarly increased the risk of CKD development in PCI
patients with prior normal kidney function (Table 3, Figures 3
and 4).

Dialysis

Incidence rates for dialysis initiation following PCl compli-
cated by CCA-AKI development, following uncomplicated
PCl (ie, without CCA-AKI development), and in matched
controls were 2.65 (per 100 person-years), 0.36, and 0.28,
respectively (Figure 2B, Table 3). Relative to controls, PCI
complicated by CCA-AKI increased the likelihood of dialysis
over 5 years nearly 8-fold (HRccanax, 7.83; 95% Cl, 6.24,
9.83; P<0.001), whereas PCl uncomplicated by overt CCA-
AKI increased this risk over 2-fold (HRpg, 2.15; 95% ClI,
1.72-2.68; P<0.001). Correspondingly, CCA-AKI develop-
ment independently increased the 5-year risk of dialysis
initiation over 4-fold (HRccaax, 4.24; 95% Cl, 3.29-5.47;
P<0.001).

Acute Myocardial Infarction

AMI incidence rates following PCI complicated by CCA-AKI
development, following uncomplicated PCIl, and in matched
controls were 7.57 (per 100 person-years), 4.12, and 0.23,
respectively (Figure 2C, Table 3). PCI patients with or without
CCA-AKI were 4 to 7 times more likely than controls to
develop AMI over 5 years (HRccaak, 21.39; 95% Cl, 17.92—
25.53 [P<0.001]; HRpg, 12.43; 95% CI, 10.76-14.35
[P<0.001]). Among PCI patients, CCA-AKI development also
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Figure 2. Kaplan—Meier time to event plots for study end points. Kaplan—Meier curves are plotted from the time of percutaneous coronary
intervention (or the beginning of the study period for controls) to each study end point event and stratified by 3 groups: percutaneous coronary
intervention complicated by cardiac catheterization—associated acute kidney injury (red), uncomplicated percutaneous coronary intervention
(ie, without cardiac catheterization—associated acute kidney injury; blue), and matched controls (green). Plot A depicts the proportion of
patients progressing to either new chronic kidney disease or a higher chronic kidney disease stage. Plot B depicts the proportion of patients
undergoing a dialysis procedure with the internal plot y-axis rescaled to 0 to 0.07. Plot C depicts the proportion of patients developing a
recurrent postprocedural acute myocardial infarction. Plot D depicts the proportion of all-cause patient deaths.

independently increased the 5-year AMI risk by over 41%
(HRceanaki, 1.41; 95% CI, 1.24—1.60; P<0.001). Risk increased
dramatically immediately following PCI, after which it asymp-
totically plateaued (Figure 2C).

Mortality

The rates of all-cause death associated with CCA-AKI
development, with uncomplicated PCI, and in controls were
14.93 (per 100 person-years), 5.61, and 3.23, respectively
(Figure 2D, Table 3). PCI patients with or without CCA-AKI
were 3 to 7 times more likely to die over 5 years relative to
controls (HR¢ca-axi, 6.67; 95% Cl, 6.12—7.27 [P<0.001]; HRpg),
2.69; 95% Cl, 2.52-2.86 [P<0.001]). CCA-AKI more than
doubled this risk in PCl patients (HRccaax, 2.07; 95% Cl,
1.90-2.25; P<0.001).

KDIGO AKI Staging

Similar results were observed with KDIGO AKI definition and
staging of AKI, whereby adjusted KDIGO AKI stage 1 had an
HR of 2.08 (95% CI, 1.91-2.26), stage 2 had an HR of 3.24
(95% Cl, 2.50-4.20), and stage 3 had an HR of 2.88 (95% Cl,
2.42-3.41) compared with population controls (Figure 5).

Discussion

Summary

We provide new evidence of CKD development and progres-
sion following PCl in a national cohort of patients with
matched population controls. Overall, we demonstrate that
patients developing CCA-AKI after PCl are 5 times more likely
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Table 3. Multivariable HRs and Incidence Rates of CKD, Dialysis, Readmission, AMI, and Death

Control Uncomplicated PCI PCI With CCA-AKI
Time to any CKD progression
No. of patients 24 405 21 652 2753
No. of CKD progression cases, No. (%) 6761 (27.70) 4130 (19.07) 1025 (37.23)
Person-years of follow-up 100 002.42 37 031.22 3520.93
Incidence rate of CKD progression/100 person-years of follow-up 6.81 11.15 28.66

Adjusted HR* (control as referent)

1.76 (1.70-1.86)

5.02 (4.68-5.39)

Adjusted HR (uncomplicated PCI as referent)

2.51 (2.34-2.69)

Time to incident CKD (among patients with no CKD at time of catheterization

/PCl eGFR >60)

No. of patients 18 530 16 649 1880

No. of new CKD cases, No. (%) 5854 (31.59) 3148 (18.91) 643 (34.18)

Person-years of follow-up 75 121.97 28 742.67 2669.10

Incidence rate of new CKD/100 person-years of follow-up 7.79 10.95 24.05

Adjusted HR (control as referent) 1.78 (1.69-1.88) 4.99 (4.56-5.47)

Adjusted HR (uncomplicated PCI as referent) 3.38 (3.09-3.69)
Time to progressive CKD 4+ (among patients with eGFR <60 at time of catheterization/PCl)

No. of patients with CKD stage 3 and 4 5319 4682 637

No. of new CKD cases, No. (%) 812 (15.27) 897 (19.16) 266 (41.76)

Person-years of follow-up 22 730.11 7814.69 681.94

Incidence rate of new CKD/100 person-years of follow-up 3.57 11.48 38.42

Adjusted HR (control as referent)

2.50 (2.23-2.80)

8.03 (6.88-9.38)

Adjusted HR (uncomplicated PCI as referent)

2.96 (2.56-3.41)

Time to progressive CKD 5 (among patients with eGFR <30 at time of catheterization/PCI)

No. of patients with CKD stage 4 332 204 128

No. of new CKD cases, No. (%) 90 (27.11) 71 (34.80) 73 (57.03)

Person-years of follow-up 1319.53 254.64 79.38

Incidence rate of new CKD/100 person-years of follow-up 6.82 27.88 84.40

Adjusted HR (control as referent) 3.13 (1.99-4.95) 8.85 (5.41-14.45)

Adjusted HR (uncomplicated PCI as referent) 2.60 (1.79-3.79)
Time to first dialysis

No. of patients 24 405 21 652 2753

No. of new dialysis cases, No. (%) 322 (1.32) 155 (0.72) 146 (5.30)

Person-years of follow-up 114 341.44 43 444.24 4990.11

Incidence rate of new dialysis/100 person-years of follow-up 0.28 0.36 2.65

Adjusted HR (control as referent) 2.15 (1.72-2.68) 7.83 (6.24-9.83)

Adjusted HR (uncomplicated PCI as referent) 4.24 (3.29-5.47)
Time to first AMI

No. of patients 24 405 21 652 2753

No. of new AMI cases, No. (%) 267 (1.09) 3526 (16.28) 703 (25.54)

Person-years of follow-up 114 379.69 37 049.65 3912.15

Incidence rate of new AMI/100 person-years of follow-up 0.23 412 7.57

Adjusted HR (control as referent)

12.43 (10.76-14.35)

21.39 (17.92-25.53)

Adjusted HR (uncomplicated PCI as referent)

1.41 (1.24-1.60)

Continued

DOI: 10.1161/JAHA.116.003812

Journal of the American Heart Association

7

HDYVHASHY TVNIDIYO



CKD Development and Progression After AKI Brown et al

Table 3. Continued

Control Uncomplicated PCI PCI With CCA-AKI
Time to death

No. of patients 24 405 21 652 2753
No. of deaths, No. (%) 3710 (15.20) 2444 (11.29) 771 (28.01)
Person-years of follow-up 114 975.79 43 594.02 5162.94
Incidence rate of death/100 person-years of follow-up 5.61 14.93
Adjusted HR (control as referent) 2.69 (2.52-2.86) 6.67 (6.12-7.27)
Adjusted HR (uncomplicated PCI as referent) 2.07 (1.90-2.25)

The Table reports on the incidence rates and adjusted hazard ratios (HRs) for chronic kidney disease (CKD) progression and cardiovascular disease longitudinal end points using time-to-
event statistics and multivariate Cox’s proportional hazard modeling. AMI indicates acute myocardial infarction; CCA-AKI, cardiac catheterization—associated acute kidney injury; eGFR,

estimated glomerular filtration rate.

*HR: adjusted HR from Cox’s proportional hazards model adjusting for age, race, current smoker, diabetes mellitus, congestive heart failure, dyslipidemia on presentation, cerebrovascular
disease, posttraumatic stress disorder, depression, cerebrovascular disease, history of stroke, chronic obstructive pulmonary disease, prior myocardial infarction, and baseline estimated
glomerular filtration rate (€GFR; mL/min per 1.73 m?), New York Heart Association class, indication of percutaneous coronary intervention (PCI) procedure, status of PCI procedure

(elective, urgent, emergent, salvage), and total number of diseased lesions.

to develop CKD progression than matched controls. In
established CKD, CCA-AKI development is associated with
an even greater (8-fold) likelihood of progression. PCI
associated with CCA-AKI also increased the risk of CKD
progression by 2- to 3-fold relative to uncomplicated PCI.
CCA-AKI also markedly increased the risk of dialysis initiation.

CKD Progression in the Literature

Recent studies have examined the relationship between AKI
and CKD in VA populations. Chawla et al constructed a
prediction model for stage 4 CKD; however, this study only
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Figure 3. Kaplan—Meier time to event plots for incident chronic
kidney disease (CKD) (laboratory values and dialysis). Kaplan—
Meier curves are plotted from the time of percutaneous coronary
intervention (or the beginning of the study period for controls) to
incident CKD events defined by laboratory values and dialysis and
stratified by 3 groups: percutaneous coronary intervention
complicated by cardiac catheterization—associated acute kidney
injury (red), uncomplicated percutaneous coronary intervention
(ie, without cardiac catheterization—associated acute kidney
injury; blue), and matched controls (green).

included patients hospitalized for AKI defined by /CD-9
codes.” Similarly, Thakar and colleagues examined the
relationship between AKI and stage 4 CKD, measuring an
HR of 3.56 (95% Cl, 2.76—4.61).?° However, the population
used for the Thakar study included only diabetic patients in
the VA and did not evaluate the relationship between AKI and
CKD progression among patients undergoing PCl exposed to
contrast dye.’® Neither study used matched population
controls.

Unlike previous retrospective investigations, we used
laboratory eGFR-based rules for identifying CKD development
and progression instead of discharge billing diagnoses for
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Figure 4. Kaplan—-Meier time to event plots for incident
chronic kidney disease (CKD) (laboratory values only). Kaplan—
Meier curves are plotted from the time of percutaneous
coronary intervention (or the beginning of the study period for
controls) to incident CKD events defined by laboratory values
only and stratified by 3 groups: percutaneous coronary
intervention complicated by cardiac catheterization—associated
acute kidney injury (red), uncomplicated percutaneous coronary
intervention (ie, without cardiac catheterization—associated
acute kidney injury; blue), and matched controls (green).
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1.00
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KDIGO AKI Stage 2
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Figure 5. Kaplan-Meier time to event plots for chronic kidney
disease (CKD) progression by Kidney Disease: Improving Global
Outcomes (KDIGO) acute kidney injury (AKI) stage. Kaplan—Meier
curves are plotted from the time of percutaneous coronary
intervention (PCl; or the beginning of the study period for
controls) to either new chronic kidney disease or a higher chronic
kidney disease stage. The plot is stratified by 5 groups: PCI
complicated by KDIGO AKI stage 1 (red), KDIGO AKI stage 2
(orange), KDIGO AKI stage 3 (yellow), uncomplicated PCI (ie,
without cardiac catheterization—associated acute kidney injury;
blue), and matched population controls (green).

hospitalized patients or for dialysis initiation. We utilized an
objective and clinically rigorous metric of CKD progression—
namely 2 independent eGFR values obtained at least 90 days
apart—allowing for identification of CKD development or
progression based primarily on laboratory, rather than
administrative, data. Inclusion of a control group matched
for major demographic variables and comorbidities also
facilitates direct comparisons and strengthens our conclu-
sions. Previous studies have reported an association between
CCA-AKI and subsequent declines in kidney function. A
retrospective study of 14 782 Canadian patients undergoing
cardiac angiography found that associated AKI increased
ESRD risk by 4-to 12-fold and increased risk of hospitalization
for renal failure by 2- to 5-fold.* In a similar cohort of 3986
Italian patients 19% of patients developing AKI had persistent
renal dysfunction at 3 months, compared with only 0.9% of
patients without associated AKI.* Hospitalized veterans
discharged with AKI (identified using hospital billing data)
have also been shown to be at increased risk of adverse
events including death, dialysis, and worsening renal function
(defined as a 25% decrease in eGFR)." Our research signif-
icantly advances our understanding of CKD progression in
several ways. First, we report on CCA-AKI development and
CKD progression in a large population cohort in the United
States capturing 100% of all PCI procedures performed across
70 VA medical centers nationwide between 2005 and 2010.
Second, we included matched population controls from the

underlying population. Finally, we used laboratory values to
define CKD progression instead of administrative billing

Our study shows that CCA-AKI development following PCI
increases the risk for CKD progression, dialysis initiation, AMI,
and death compared with patients without CCA-AKI. We also
show that these risks are increased in PCl patients, even in
the absence of overt CCA-AKI. We recently reported that CCA-
AKI can be prevented in 1 of 5 PCl patients through
improvement efforts,zs’29 yet the current evidence base has
not yet established whether CCA-AKI prevention can, in fact,
prevent CKD development or progression. As such, the
precise roles of aggressive prophylactic efforts in CCA-AKI
prevention and mitigation of CKD development and progres-
sion remain to be established.

Pathophysiology of CCA-AKI and CKD Progression

There are a number of potential explanations for CKD
development and progression following CCA-AKI. Renal dam-
age can result from either direct toxicity of the contrast
medium or from renal hemodynamic changes associated with
its use.>°732 Increased complement activation and a combi-
nation of both unopposed secondary vasoconstriction and
tubular obstructive changes that serve to increase epithelial
contrast exposure have also been implicated.**° Although
initially considered fully reversible, recent evidence has
suggested that these events may promote progression in
the longer term."®3¢ Interestingly, in the Coronary Artery
Bypass Surgery Off- or On-Pump Revascularization Study
(CORONARY),? reduced AKI risk within 30 days of coronary
artery bypass surgery performed off-pump was not associated
with better preservation of kidney function at 1 year.? As
such, in addition to the causal explanations above, it is
possible that CCA-AKI identifies patients at high risk for
progression. We attempt to address this in our analyses
through matching and multivariable adjustment, but residual
and unmeasured confounding remain possible.

PClI was associated with accelerated CKD progression
relative to matched population controls, even in the absence
of overt CCA-AKI. This does not, however, exclude a causal
role for contrast administration. In principle, subclinical
contrast-associated injury below conventional detection
thresholds could directly contribute to both CKD progression
and other adverse outcomes. Although speculative,
associated hemodynamic changes and atheroembolization
have also been implicated as causal contributors to CCA-
AKI.*”3? It is also possible that cardiac catheterization
selects for vasculopathic patients prone to CKD progression
independent of intervention.*®*' Despite matching and mul-
tivariable analyses, residual or unmeasured confounding also
remains possible.
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Limitations

Several potential limitations warrant consideration. This was
a retrospective study and the associations we found between
AKI and progression of CKD and other longitudinal events
may have been biased as a result of missing data in relevant
confounders.*? However, we captured patient comorbidities,
laboratory values, cardiac anatomy and disease severity, and
posthospitalization events related to organ injury and organ
failure from comprehensive databases within the VA to
minimize measurement bias. We also did not prospectively or
directly measure GFR nor did we determine whether all
patients used VA services for all laboratory test or dialysis
services. Nonetheless, we believe the use of 2 independent
creatinine-based eGFR calculations obtained at least 90 days
apart represents a robust and rigorous method of monitoring
CKD development and progression. By definition, CKD
progression determined by this method cannot be assessed
prior to 3 months. As such, the first phase of the multiphasic
curve in Figure 2A can be fully accounted for by acute
hospitalizations for kidney failure or initiation of dialysis.
Neither of these end points fully excludes the inclusion of
cases of severe reversible AKI, although these numbers are
expected to be low and the exclusion of nonlaboratory CKD
end point data did not fundamentally change either the
shapes or relationships between curves (Figures 3 and 4). We
also recognize that death may function as a competing risk
for CKD progression; however, Figures 3 and 4 suggest that
the progression of CKD appears to be driven by the change in
renal function and not primarily by clinical end points. In
addition, our principal aim was to identify incremental
changes in CKD stage, and we did not focus on eGFR as a
continuous variable either within or across individual CKD
stages. As such, our analysis may underestimate the full
impact on CKD progression. We also did not match individual
patients in the population cohort to individual PCI patients to
a renal function measure at the same time of the PCI
patient’s procedure. Progression of CKD in the controls was
between 2005 and 2010, whereas progression of CKD in the
PCI procedure started at the time of the PCI procedure.
Second, we did not take albuminuria into account in
classifying CKD,? as this information was not routinely
available for analysis. The associated inability to distinguish
normal kidney function from CKD stages 1 and 2 for patients
with eGFR >60 mL/min per 1.73 m? thus limited analysis of
CKD development and progression to creatinine-based eGFR
groupings alone. Third, we randomly selected over 1 million
patients from the general veteran population. From this
sample, we used a matching algorithm to match for age,
diabetes mellitus, hypertension, heart failure, and baseline
CKD stage. Patients were well matched for each of these
comorbidities or conditions, although additional comorbidities

not included in the a priori cardiovascular matching
algorithm were found to differ in the PCl cohort compared
with controls (Table 1). These unanticipated differences
notwithstanding, both PCI patients and controls did not
differ according to the 5 most important factors selected
for a priori matching. Multivariable analyses were conducted
to account for remaining differences in matched population
controls and in patients both with and without CCA-AKI. We
did not link our VA cohorts to Medicare or State-all payer
claims as our data use agreement did not allow for these
linkages to determine whether all veterans in our PCI and
population cohort were routine users of the VA health
system. Therefore, we may underestimate the true inci-
dence of our longitudinal end points including hospitaliza-
tions, procedures such as dialysis, and laboratory measures.
Future investigations should track healthcare services by
participants in the VA and outside the VA. We lost a portion
of our PCl cohort because of missing serum creatinine
laboratory measures from CART-CL and Austin; the selec-
tion bias in missing renal function through these data
sources is not fully understood. Lastly, the generalizability
of our findings are limited for several reasons: (1) the study
population consisted of VA patients only, which can
underrepresent women and minorities; (2) the definition of
AKI that we used does not match the more contemporary
KDIGO definition; and (3) our AKI definition includes more
than just contrast nephropathy. In AKI definition sensitivity
analyses, we obtained similar results with the KDIGO AKI
definition in the association between AKI and CKD
progression and other end points.

Conclusions

Our results suggest that CCA-AKI developing after PCI is
associated with significantly increased risk of CKD progres-
sion, AMI, and all-cause death when compared with
uncomplicated PCl and matched population controls. How-
ever, it is likely that this increased risk of AMI is related to
underlying differences in risk between the PCl group and
the controls. Consistent with previous reports, these risks
were most marked in the subset of patients developing
clinically evident CCA-AKI. CCA-AKI was also associated
with a markedly increased risk of dialysis initiation following
AKI development. Our findings suggest a need to identify
and better understand these factors and their contributions,
as well as the need to review the risk calculus associated
with these procedures. We recommend further investiga-
tions to identify both system improvements and novel
therapeutic targets to prevent CCA-AKI and to reduce CKD
progression and associated morbidity and mortality follow-
ing PCI.
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